Mutations in the NF1 tumor suppressor underlie the familial tumor predisposition syndrome neurofibromatosis type I. Although its encoded protein, neurofibromin, functions as a Ras-GTPase activating protein (GAP), nothing is known about how it is normally regulated or its precise role in controlling Ras signaling pathways. We show here that neurofibromin is dynamically regulated by the ubiquitin-proteasome pathway. Degradation is rapidly triggered in response to a variety of growth factors and requires sequences adjacent to the catalytic GAP-related domain of neurofibromin. However, whereas degradation is rapid, neurofibromin levels are re-elevated shortly after growth factor treatment. Accordingly, Nf1-deficient mouse embryonic fibroblasts (MEFs) exhibit an enhanced activation of Ras, prolonged Ras and ERK activities, and proliferate in response to subthreshold levels of growth factors. Thus, the dynamic proteasomal regulation of neurofibromin represents an important mechanism of controlling both the amplitude and duration of Ras-mediated signaling. Furthermore, this previously unrecognized Ras regulatory mechanism may be exploited therapeutically.
Neurofibromatosis type 1 (NF1) is a disorder affecting 1 in 3500 individuals (Riccardi 1992) . NF1 patients are predisposed to a variety of tumors of the peripheral and central nervous systems as well as myeloid leukemia, cognitive deficits, bone deformations, and pigmentation defects. In addition, Nf1-deficient mice die in utero from heart defects (Brannan et al. 1994; Jacks et al. 1994) . Thus, neurofibromin appears to regulate the growth and development of a wide range of cell and tissue types.
Although the NF1 gene was cloned more than 10 years ago, little is known about how neurofibromin normally participates in cell signaling pathways and growth control Wallace et al. 1990 ). Neurofibromin is a 250-kD protein that has sequence similarity to the catalytic domain of p120RasGAP and stimulates the hydrolysis of Ras-GTP in vitro (Ballester et al. 1989; Martin et al. 1990; Xu et al. 1990 ). Importantly, NF1-deficient tumors and primary mouse cells exhibit elevated levels of Ras-GTP, supporting the notion that neurofibromin functions to suppress the Ras pathway in vivo (Basu et al. 1992; DeClue et al. 1992; Kim et al. 1995; Bollag et al. 1996) . Nf1-deficient hematopoietic cells are hypersensitive to specific cytokines, suggesting that neurofibromin may function downstream of these receptors (Bollag et al. 1996; Zhang et al. 1998 ). However, the precise regulatory mechanisms that couple growthfactor receptors to neurofibromin and Ras signaling pathways remain unclear. Boyer and colleagues reported that neurofibromin becomes phosphorylated on serine residues following IgM cross-linking, although the biochemical consequences of this modification are unknown (Boyer et al. 1994) . Also, specific lipids inhibit neurofibromin GAP activity in vitro, but the importance of this regulation in vivo has not been determined (Bollag and McCormick 1991; Han et al. 1991) .
Results and Discussion
To explore potential neurofibromin regulatory mechanisms, we examined its expression under various cell culture conditions. We found that when quiescent NIH3T3 fibroblasts were treated with serum, neurofibromin rapidly decreased to low or undetectable levels within 5 min (Fig. 1A) . However, within 30 min, neurofibromin levels were re-elevated. Importantly, p120RasGAP protein levels were unaffected under these conditions. Western blots probed with three different antineurofibromin antibodies that recognize epitopes thoughout the protein all demonstrated a rapid reduction in protein levels, indicating that neurofibromin is completely degraded in response to serum (Fig. 1B) . Serum triggered neurofibromin degradation in a variety of cell lines, including primary human IMR90 cells and a rat Schwannoma cell line (RT4; Fig. 1C ). Notably, Schwann cells are one of the primary cell types that are pathologically affected in NF1 patients.
To identify which growth factors induce neurofibromin degradation, quiescent cells were treated with lysophosphatidic acid (LPA), platelet-derived growth factor (PDGF; Fig. 1D ), or epidermal growth factor (EGF; Fig.  2A ). In each case, neurofibromin levels were rapidly reduced, indicating that ligands that activate G proteincoupled receptors or receptor tyrosine kinases can transduce signals leading to neurofibromin degradation. However, neurofibromin levels were re-elevated more rapidly in response to PDGF and EGF in comparison with LPA. Furthermore, degradation was typically less robust in response to EGF and PDGF versus LPA, suggesting that these receptor tyrosine kinases may couple less effectively to this regulatory mechanism. Notably, p120RasGAP has been shown to bind receptor tyrosine kinases following their activation and has therefore been proposed to regulate Ras downstream from these receptors (Donovan et al. 2002) . Therefore, it is possible that p120RasGAP and neurofibromin play primary, but [Keywords: NF1; signal transduction; tumor suppressor; Ras; proteasome] not exclusive roles in regulating Ras downstream of receptor tyrosine kinases and G protein-coupled receptors, respectively.
Ubiquitin-mediated proteolysis regulates a number of proteins involved in diverse cellular processes, such as cell cycle control, differentiation, and the immune response (Ciechanover et al. 2000) . Degradation via the ubiquitin pathway involves the covalent attachment of ubiquitin molecules to a target protein on lysine residues, followed by its rapid degradation by the 26S proteasome. To determine whether the proteasome was involved in regulating neurofibromin levels, NIH 3T3 cells were pretreated with the proteasome inhibitors LLnL or lactacystin prior to growth factor addition. Both agents inhibited the decrease in neurofibromin induced by LPA, PDGF, and EGF. The calpain inhibitor II (LLM) and the lysosomal inhibitor chlorquine did not affect neurofibromin levels (data not shown). To determine whether neurofibromin was a direct target of the ubiqitination machinery, cells were transfected with a plasmid encoding a His-tagged ubiquitin molecule and were treated with LLnL (Hofmann et al. 1996) . His-tagged proteins were purified and analyzed by a Western blot probed with a neurofibromin antibody. A smear characteristic of ubiquitinated protein and break-down products was observed, demonstrating that neurofibromin is ubiquitinated in vivo (Fig. 2B ). In addition, full-length baculovirus-expressed neurofibromin was also ubiquitinated when subjected to a well-characterized in vitro ubiquitination reaction, further demonstrating that it is a direct target of the ubiquitination machinery ( Fig. 2C ; Dai et al. 1998) .
To identify the region within neurofibromin required for its degradation, full-length and FLAG-tagged protein fragments were produced and subjected to the in vitro ubiquitination and degradation assay (Fig. 3A) . In the presence of proteasome inhibitors, neurofibromin was ubiquitinated in this in vitro assay and was degraded in their absence ( Fig. 2C ; data not shown). Notably, we found that a fusion protein encompassing the GAP-related domain and adjacent amino acids (GRD+80) was also degraded in an ATP-dependent manner in this assay. However, deletion of the N-terminal 80 amino acids that lie outside of the GRD resulted in a degradation-resistant fragment (GRD). Importantly, the epitope tags of all fusion proteins were located at the N termini, eliminating any potential differences in protein stability due to the N-end rule (Baboshina et al. 2001) .
To localize critical sequences within this protein fragment further, we produced a fusion protein containing the analagous Drosophila NF1 (DNF1) sequence, which exhibits 69% identity to the human protein in this region . Importantly, the Drosophila protein was similarly degraded in this assay, indicating that the sequences required for degradation are conserved among these species. Because the human and Drosophila fusion proteins exhibited the highest degree of similarity within the first 20 amino acids, we constructed a deletion mutant that eliminated these residues as well as various mutants containing internal triple alanine substitutions of conserved amino acids (Fig. 3B) . Importantly, deletion of the first 20 amino acids resulted in a degradation-resistant fragment. Furthermore, mutation of residues 1095-1097 (KYF to AAA) or 1098-1100 (TLF to AAA) located within this region also inhibited degradation, indicating that these sequences are required for recognition by the degradation machinery. In addition, mutation of every serine, threonine, and tyrosine in the larger domain did not affect stability in this assay, and endogenous neurofibromin does not become phosphorylated following serum treatment (data not shown), suggesting that the protein does not require direct phosphorylation prior to degradation. Therefore, neurofibromin degradation appears to be unlike that of SCF substrates, in which phosphorylation of the E3 ubiquitin ligase-binding site is required for ubiquitination (Deshaies 1999) . Regulation may therefore occur at the level of the ubiquitin ligase complex and/or associated proteins, as is the case for a variety of ubiquitinated substrates (Ciechanover et al. 2000) . This regulation appears to be independent of Ras activation as exogenous expression of an activated Ras allele did not induce neurofibromin degradation and inhibitors of MEK and PI3-kinase did not prevent degradation (data not shown). To date, hundreds of E3 ubiquitin ligases are thought to exist in humans, each of which is predicted to ubiquitinate a restricted set of target proteins (Winston et al. 1999; Freemont 2000) . The identification of an evolutionarily conserved domain within neurofibromin that is required for its recognition by the ubiquitin/proteasome machinery is an important first step toward identifying this ubiquitin ligase complex.
Because neurofibromin is a Ras-GAP, we next investigated how this dynamic regulation by the proteasome affected Ras signaling. When wild-type MEFs were treated with 10% serum, Ras-GTP levels were elevated within 5 min and significantly decreased by 30 min after treatment (Fig. 4A) . As shown in Figures 1 and 2 , neurofibromin protein levels were inversely related to this pattern of Ras activation, being degraded within 5 min and re-elevated within 30 min following exposure to 10% serum. In response to a nonmitogenic dose of serum (1%) Ras-GTP levels were elevated with roughly similar kinetics in wild-type cells, but to much lower levels. Notably, in response to 1% serum, neurofibromin degradation was significantly less robust, suggesting that complete neurofibromin degradation is one of the signals required for maximal activation of Ras under these conditions (Fig. 4B) . In contrast, in Nf1-deficient MEFs, both high and low concentrations of serum potently induced Ras activation (Fig. 4A) . Furthermore, in both cases, Ras-GTP levels were sustained as compared with wild-type cells. These results demonstrate that neurofibromin is required to appropriately attenuate both the amplitude and duration of Ras activation. Specifically, our results suggest that the initial degradation of neurofibromin is required for full Ras activation, whereas its subsequent up-regulation is required to terminate this signal. Thus, in Nf1-deficient cells maximal, sustained Ras activation can be achieved independently of its regulation by the proteasome.
To examine how the differential activation of Ras in wild-type and Nf1-deficient MEFs affected downstream (A) Wild-type and Nf1-deficient MEFs were serum starved and treated with 10% or 1% serum for increasing lengths of time. Cells were lysed, and Ras-GTP was precipitated with a GSTRas-binding domain fusion protein. Western blots were probed with a pan-isoform-specific Ras antibody. Ras-GTP levels were quantitated using a densitometer and expressed as percentage of maximal levels. Total cell lysates from these samples were probed with the same antibody to ensure equal protein loading. (B) Total cell lysates were prepared from duplicate samples as described in A and immunoblots were sequentially probed with an antineurofibromin antibody or an anti-p120RasGAP antibody.
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Cold Spring Harbor Laboratory Press on January 18, 2018 -Published by genesdev.cshlp.org Downloaded from signaling pathways, we examined ERK activity. Whereas treatment with 10% serum caused a comparable activation of ERK in both wild-type and Nf1-deficient cells (Fig. 5A ), low concentrations of serum induced a sustained activation of ERK in Nf1-deficient cells only (Fig.  5B) . Because the duration of ERK activity has been shown to be a critical determinant of cellular proliferation, we also examined the growth properties of wildtype and Nf1-deficient cells under these conditions (Fig.  5C,D) . Notably, in 10% serum there was no difference in the rate of proliferation between both cell types as determined by the slope of these two growth curves. This observation was consistent with the identical ERK activation profiles in response to 10% serum. However, Nf1-deficient cells were able to proliferate in concentrations of serum that were nonmitogenic for wild-type cells. These results also mirrored the data shown in Figure 5A and B, in which low concentrations of serum induced a transient activation of ERK in wild-type cells, but elicited a more sustained activation of ERK in Nf1-deficient cells. Serum hypersensitivity was observed in every mutant cell line examined (>10 mutant and 10 wild-type lines). Consistent with the observation that neurofibromin is regulated at the level of protein expression, we also found that Nf1+/− cells exhibited an intermediate increased hypersensitivity to serum, suggesting that a growth advantage can also occur as a result of haploinsufficiency in these cells (Fig. 5E) . Thus, our results provide important insight into the mechanism by which neurofibromin normally regulates the Ras pathway and proliferation.
The Ras-family of GTP-binding proteins are critical in transducing extracellular signals to the nucleus and mediate a wide variety of biological responses. Both positive and negative regulators of Ras activation have been identified (guanine nucleotide exchange factors and GAP proteins, respectively; Bollag and McCormick 1991; Quilliam et al. 1995) . However, although the cell signaling mechanisms leading to the activation of exchange factors such as Sos have been well characterized (Chardin et al. 1993) , the signals that regulate GAP proteins are less well known. Previous studies have demonstrated that the NF1 tumor suppressor gene product, neurofibromin, possesses Ras-GAP activity (Ballester et al. 1989; Martin et al. 1990; Xu et al. 1990 ). This study provides the first mechanistic insight into how growth factor receptors regulate this tumor suppressor and utilize it to control Ras activation and proliferation.
We have shown that at least two classes of receptors, G protein-coupled receptors and receptor tyrosine kinases, dynamically regulate neurofibromin protein levels via ubiquitin-mediated proteasomal degradation. Collectively, our data suggest that neurofibromin degradation participates in the initial activation of the Ras signaling pathway, whereas its rapid re-expression is required for appropriate attenuation of the pathway. Studies utilizing Nf1-deficient cells further demonstrate that neurofibromin is absolutely required for maintaining an appropriate sensitivity to growth factors and in regulating the duration of Ras and ERK activities. Neurofibromin's regulation of the Ras-ERK pathway appears to be critical under conditions in which growth factors are limiting. In response to saturating levels of growth factors, additional overriding mechanisms are likely to play a dominant role in sustaining ERK activation (Cai et al. 1997; Chaudhary et al. 2000; Nadal-Wollbold et al. 2002) . Importantly, the duration of ERK activity has been shown to be critical in transducing a proliferative response in a number of experimental systems, supporting the notion that the defects observed in Nf1-deficient cells result from the lack of attenuation of this signal (Marshall 1995) . This subtle growth advantage of NF1-deficient cells may be particularly relevant in the development of the benign lesions that develop in NF1 patients.
Ubiquitin-mediated proteolysis has been shown to play a critical role in controlling the cell cycle (Ciechanover et al. 2000) . This is achieved by the regulated accumulation and destruction of both positively acting components (e.g., cyclins) as well as cell cycle inhibitors (e.g., p27) in order to prevent premature cell cycle progression. The NF1 tumor suppressor may provide a similar function at the onset of the cell cycle by acting as a ) and Nf1-deficient (broken line) MEFs were serum starved and treated with 10% (A) or 1% (B) serum for increasing lengths of time. ERK activation was measured using kinase assays performed in triplicate and quantitated using a PhosphorImager. (C) Wild-type and Nf1-deficient MEFS were serum starved and exposed to 10% serum. Cells from triplicate wells were counted on day 0 and at 25 and 72 h following serum treatment. (D) Serum-starved wild-type (white bars) and mutant cells (gray bars) were treated with 0.1%, 0.5%, or 1% serum. Cells in triplicate wells were counted 72 h after serum addition. Fold increase in cell number ratios were calculated as described in Materials and Methods. (E) Nf1+/+ (white bars), Nf1+/− (lightgray bars), and Nf1−/− (black bars) MEFs were grown in 1% serum in triplicate wells for 72 h and analyzed as described in D. Differences in B, D, and E as described in the text were found to be statistically significant at or better than ␣ = 0.01 using a twotailed T test.
rheostat for Ras activation. Under mitogenic conditions, in which neurofibromin is rapidly and efficiently degraded, maximal Ras activation is permitted and proliferation ensues. However, in the absence of a threshold mitogenic signal, neurofibromin is not degraded, and any Ras activation is immediately dampened. Accordingly, in NF1-deficient cells a much lower threshold signal is required for maximal Ras activation and mitogenesis.
Finally, the identification of this regulatory mechanism may also have implications regarding disease treatment. Whereas complete loss of NF1 has been clearly implicated in the development of some NF1-related tumors (myeloid leukemia, pheochromocytoma), haplo-insufficiency due to a reduced dosage of the NF1 gene (NF1 patients are congenitally heterozygous for an NF1 mutation) is thought to underlie the development of other symptoms such as cognitive deficits, bone deformities, and peripheral nerve sheath tumors (Cichowski and Jacks 2001; Zhu et al. 2002) . Thus, the identification of a pathway responsible for the regulated inactivation of neurofibromin may have important clinical implications, in that strategies aimed at blocking its inactivation and/or up-regulating the protein may prove to be beneficial therapeutically. These benefits may extend beyond therapies relevant to NF1 but may also serve as a potential clinical strategy to attenuate the Ras pathway in tumors harboring mutations in genes that function upstream of Ras.
Materials and methods
Cell culture and immunoblots NIH3T3, IMR90, or RT4 cells were plated in serum-free medium at a density of 5 × 10 5 cells/10-cm plate. After 18 h, 10% serum, 6 µM LPA, 20 ng/mL EGF, or 20 ng/mL PDGF was added. Cells were lysed with 1% SDS boiling lysis buffer and clarified. Lysates were normalized for protein levels and analyzed by Western blotting with the following antineurofibromin antibodies: NF1GRP-D and NF1GRP-N (Santa Cruz Biotechnology), GAP4, an antibody directed toward an alternative spliced region within the GRD (Huynh et al. 1994) , or the NF1C antibody directed toward an epitope >300 amino acids away from that recognized by NF1GRP-D (Huynh et al. 1994) . Blots were also reprobed with an antip120RasGAP antibody (Transduction Laboratories). When indicated, cells were pretreated with 50 µM N-Acetyl-leu-leu-norleu-al (LLnL) for 4-8 h, and 20 µm lactacystin for 4-8 h.
Detection of ubiquitinated neurofibromin in vivo NIH 3T3 cells were transfected with a control plasmid or a plasmid encoding a His-tagged ubiquitin molecule (pRBG4-his6-myc-Ub). Twenty-four hours later, cycling cells were treated with LLnL. To enrich for ubiquitinated neurofibromin, five 10-cm plates per condition were lysed with RIPA buffer, and His-tagged proteins were purified using nickel-coupled agarose beads. Proteins were eluted, and a Western blot was probed with the neurofbromin antibody.
Generation of mutant constructs
All FLAG-tagged GRD constructs were generated by PCR amplification of the human NF1 cDNA and followed by subcloning into pCMV-TAG vectors. Point mutants were generated by Quick Change (Stratagene). All final sequences were verified.
In vitro ubiquitination/degradation assay For degradation assays, protein fragments encoding the NF1-GRD and mutants were generated by IVT reactions (Promega) in the presence of 35 S-methionine. Radiolabeled proteins were then subjected to a reticulocyte lysate (RL)-based in vitro degradation reaction as described previously and separated by PAGE (Dai et al. 1998) . Briefly, 4 µL of the IVT product was incubated with 16.5 µL of RL in degradation buffer containing 50 mM Tris (pH 7.5), 5 mM MgCl 2 , 1 µM DTT, 5% glycerol, and 1 mg/mL ubiquitin for 90 min at 37°C in the presence of ATP or ATP␥. In experiments in which full-length baculovirus neurofibromin was used in this reaction, a Western blot was probed with the NF1GRP-D antibody. Ubiquitination assays were carried out in the same way but in the presence of 50 µM LLnL.
Proliferation studies
MEFs were made quiescent as described previously (Brugarolas et al. 1998 ), split to a density equivalent to 5 × 10 5 cells/10-cm plate in triplicate, and then stimulated with serum. After the indicated time, cells were trypsinized and counted. Where indicated, fold increase in cell number ratios were calculated by dividing the average cell number of three plates in serum at 72 h by the average cell number of three plates in serum-free medium after 18 h (at this point there was little, if any, cell death). The standard deviation of these data were calculated using the standard curve method defined by the following formula [(SD 1 / Avg 1 ) 2 + (SD 2 /Avg 2 ) 2 ] 1/2 × Avg ratio . Proliferation studies were performed in more than 10 cell lines of each genotype and gave similar results.
Ras and ERK activation analysis
MEFs were made quiescent and stimulated as described above. Lysates were normalized and Ras-GTP was detected using a Ras-activation assay kit according to the manufacturer's instructions (Upstate Biotechnology). ERK activity was measured by a kinase assay as described previously. Briefly, cells were stimulated as described above and lysed in RIPA buffer. Protein levels were normalized, and ERK1 was immunoprecipitated. Kinase assays were performed using 7 µg of myelin basic protein as a substrate in the presence of 3 µCi [␥- 
